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ABSTRACT
Ensiling conditions strongly influence fermentation 
characteristics, yeast count, and aerobic stability. Nu-
merous volatile organic compounds including esters are 
produced, which may negatively affect feed intake and 
animal performance and air quality. In addition to a 
farm survey, 3 laboratory experiments were carried out 
to study the effects of air (by delayed sealing or by air 
infiltration during anaerobic storage), temperature (20 
and 35°C), and various types of additives [blends of 
either sodium benzoate and sodium propionate (SBSP) 
or of sodium benzoate and potassium sorbate (SBPS); 
buffered mixture of formic and propionic acids (FAPA); 
homofermentative inoculant (LAB)]. After additive 
treatment, chopped whole corn plants were packed 
into 1.5-L glass jars and stored for several months. For 
treatments with air infiltration, glass jars with holes in 
the lid and body were used. The farm survey in 2009 
revealed large variation in lactate, acetate, ethanol, n-
propanol, and 1,2-propanediol concentrations. Whereas 
ethyl esters were detected in all silages, the mean ethyl 
lactate concentrations were higher than those for ethyl 
acetate (474 vs. 38 mg/kg of dry matter). In the ensil-
ing experiments, few unequivocal effects of the tested 
factors on the analyzed parameters were observed due 
to many interactions. Delayed ensiling without addi-
tives decreased lactic acid production but, in one trial, 
increased acetic acid and had no effect on ethanol. The 
effect of delayed sealing on yeast counts and aerobic 
stability differed widely among experiments. Air infil-
tration during fermentation tested in one trial did not 
alter lactic acid production, but resulted in more acetic 
acid in delayed and more ethanol than in promptly 
sealed untreated silages. Greater ethanol production 
was associated with increased yeast numbers. Storage 
at high temperature resulted in lower lactic acid and 
n-propanol, and a trend toward reduced ethanol pro-
duction was observed. The additive FAPA consistently 
caused increased ethanol and reduced n-propanol levels 
with no effect on yeast counts and aerobic stability. 
When the additives SBSP and SBPS decreased n-
propanol and ethanol, reduced yeast counts were also 
found. Ethyl ester formation was strongly correlated 
with those of ethanol and to a lesser degree with those 
of the respective acid.
Key words: air ingress, storage temperature, silage 
additives, volatile organic compounds
INTRODUCTION
The occurrence of volatile organic compounds 
(VOC) in grass and corn silages was first reported 
more than 50 yr ago (Morgan and Pereira 1962), but 
has only recently attracted significant attention (Haf-
ner et al., 2010, 2012; Howard et al., 2010; Malkina et 
al., 2011). Ethanol, and to a lesser extent aldehydes, 
can significantly contribute to air pollution by photo-
chemical reactions with oxides of nitrogen (Howard et 
al., 2010). In their recent review, Hafner et al. (2013) 
associated the highest VOC emissions from corn and 
the resulting ozone formation to various alcohols. 
Other volatiles (e.g., aldehydes, esters, and acids) may 
also contribute significantly to emissions under some 
conditions. Anecdotal evidence has been provided from 
farmers in Germany (Weiss et al., 2009a), Denmark 
(Raun and Kristensen, 2010), and the United States 
(Richard Muck, US Dairy Forage Center, Madison, 
WI, personal communication) on negative effects of 
odd (atypically)-smelling corn silages on feed intake 
and performance by dairy cows. Based on the routinely 
measured indices of silage fermentation quality—pH, 
ammonia-N, organic acids, and alcohols—this phenom-
enon cannot be explained. According to Weiss et al. 
(2009a), suspect corn silages of German origin were 
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well compacted and well fermented, had low pH and 
yeast counts, and were stable upon exposure to air. As 
even high concentrations of added acetic acid (Daniel 
et al., 2013a) or ethanol (Randby et al., 1999; Daniel 
et al., 2013a,c) and increased acetic acid levels (≥4% of 
DM) by inoculation with heterofermentative inoculants 
do not appear to adversely affect feed intake (Ranjit et 
al., 2002; Kleinschmitt et al., 2013), other VOC (e.g., 
ethyl and propyl esters) may be considered to explain 
the observations on dairy farms. 
Ethyl and propyl esters of lactate and acetate, 
respectively, have been found in farm silages and in 
numerous ensiling experiments with corn (Kristensen 
et al. 2010; Raun and Kristensen, 2010; Weiss and Au-
erbach, 2012a). However, the knowledge on the effects 
of specific esters on feed intake by ruminants is still 
very limited and conflicting. Krizsan et al. (2007) and 
Gerlach et al. (2013) overserved negative correlations 
between some VOC and feed intake, whereas Daniel et 
al. (2013c) reported no difference when fresh sugar cane 
silage was compared with oven-dried material, resulting 
in the loss of volatiles, which was reconstituted with 
water before feeding. Knowledge is still scarce as to 
the effects of ensiling conditions (e.g., delayed sealing 
and air infiltration during the ensiling process, storage 
temperature) and silage additive type on the formation 
of VOC, especially that of esters. In previous studies, 
air infiltration resulted in a decline of lactic acid con-
centration (Bolsen et al. 1993; Mills and Kung, 2002; 
Moshtaghi Nia and Wittenberg, 2000). Conflicting 
results were described on the effects of delayed sealing 
and air infiltration on acetic acid and production of 
VOC, especially ethanol (Moshtaghi Nia and Witten-
berg, 2000; Mills and Kung, 2002; Kim and Adesogan, 
2006). Kim and Adesogan (2006) observed lower lac-
tate and acetate production in corn silage by storage 
at higher temperature, whereas Weinberg et al. (2001) 
found no effect of temperature on ethanol or acetate 
contents. Data on the effects of temperature on ester 
formation were not available.
Silage additives affect fermentation pattern and 
aerobic stability in different ways according to their 
specific mode of action (Kung et al., 2003). Hafner et 
al. (2014) and Savage et al. (2014) observed increased 
ethanol and ethyl acetate accumulation by the use of 
homofermentative lactic acid bacteria, whereas the 
application of heterofermentative lactic acid bacteria 
containing Lactobacillus buchneri in sorghum silages 
(Auerbach and Weiss, 2012) resulted in decreased 
concentrations of ethanol and its esters of lactic and 
acetic acids. Kristensen et al. (2010) found an increase 
in n-propanol and propyl acetate in corn silages treated 
with Lactobacillus buchneri. The application of sodium 
benzoate and potassium sorbate to corn and sorghum 
at ensiling, alone or in combination, has consistently re-
duced ethanol contents in silages (Weiss and Auerbach, 
2012b; Bernardes et al., 2014; Da Silva et al., 2014). 
When reported, concentrations of ethyl esters have also 
been reduced (Auerbach and Weiss, 2012; Hafner et 
al., 2015; Weiss and Auerbach, 2012b). Interestingly, 
buffered acid mixtures, mainly containing formic and 
propionic acids, stimulated ethanol (Auerbach et al., 
2012) and ethyl ester production in corn silage (Weiss 
and Auerbach, 2012b). However, which individual 
factors increase the production of VOC has not been 
thoroughly studied with particular focus on esters in 
corn silage and how they may interact. Therefore, the 
objective of our experiments was to evaluate the effects 
of air by delayed sealing or repeated air infiltration 
during the ensiling process, storage temperature, addi-
tive type, and their interactions on selected fermenta-
tion characteristics, yeast count, aerobic stability, and 
the formation of ethyl esters of lactate and acetate in 
corn silage. These ethyl esters were considered indica-
tor substances for the total VOC production in corn 
silage (Weiss et al., 2009a) and can be determined by 
routine analytical procedures, such as GC. Different 
additive types were used to evaluate the effect of the 
additives on VOC formation and, more so, to induce 
large variations in the concentrations of fermentation 
end-products, which may play a role in esterification 
reactions.
MATERIALS AND METHODS
Experimental Design of the Ensiling Experiments
Farm Survey. Corn silage samples were taken from 
the freshly prepared face in the core sections of 11 bun-
ker silos on dairy farms located in the German State of 
Brandenburg in 2009 using a hollow drill. All farms had 
reported problems with feed intake and performance 
by dairy cows. Silages had been made either without 
additives (4 silos) or treated with different types of 
commercially available inoculants (3 silos with pure ho-
mofermentative inoculants; 1 silo with pure heterofer-
mentative inoculants; 3 silos with inoculants composed 
of homo- and heterofermentative lactic acid bacteria).
Laboratory Ensiling Experiments. A total of 3 
laboratory ensiling experiments were carried out with 
corn, which was treated with various additives and 
subjected to different storage conditions with regard 
to temperature and air exposure (Table 1). In all ex-
periments, a portion of the total forage mass was either 
immediately ensiled (prompt) or left loosely piled on a 
clean concrete floor in a barn at ambient temperature 
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of approximately 16 to 18°C for 16 (trial 1 and 2) or 
24 h (trial 3) before being filled in the silos (delay) and 
stored in a temperature-controlled room at 20°C. Silag-
es were packed in 1.5-L glass jar (Weck, Öfingen, Ger-
many) without a gas-release valve, which were sealed 
with rubber O-rings and the lid fastened by metal clips. 
When repeated air ingress was allowed (experiments 2 
and 3), the same glass jars were used but these had one 
hole of 6 mm diameter each in the lid and in the body 
of the jar (about 5 cm above the bottom), which were 
closed by rubber stoppers. All treatments were ensiled 
in triplicate.
In experiment 1, corn (unknown variety, 31% DM) 
was harvested at dough stage maturity by a chopper 
(Haldrup, Løgstør, Denmark) on October 1, 2007, on 
a dairy farm near Oldenburg, Lower-Saxony, Germany. 
The forage was treated with no additive (CON) or 
with 4 L/t of Maize Kofasil liquid (SBSP; ADDCON 
GmbH, Bonn, Germany; containing 259 g/L of sodium 
benzoate and 94 g/L of sodium propionate) or 4 L/t of 
GrasAAT Plus (FAPA; ADDCON Nordic AS, Porsg-
runn, Norway; containing 350 g/L of formic, 120 g/L 
of propionic, and 18 g/L of benzoic acids buffered with 
sodium). In total, 18 silages were stored for 101 d (9 for 
prompt and 9 for delay silos).
In experiment 2, the same crop, harvesting method, 
and silage additive treatments were used as in experi-
ment 1. However, the material of the 3 additive treat-
ments with prompt and delay sealing were transferred 
into silos equipped with holes closed by rubber stop-
pers. On d 28, 42, 52, 73, 105, and 129 of fermentation, 
the rubber stoppers were removed from each jar for 24 
h to allow air ingress. Half of the jars were stored at 
20°C (cool) and half at 35°C (hot). All silos (n = 36) 
were opened after 141 d of storage.
In experiment 3, corn (var. Fernandez) was chopped 
at dough stage (34.9% DM) by commercial harvest-
ing equipment on September 22, 2009, on a dairy farm 
near Oldenburg, Lower-Saxony, Germany. The forage 
was either left untreated (CON) or received 2 L/t of 
Kofasil Stabil (SBPS; ADDCON GmbH; containing 
250 g/L of sodium benzoate and 150 g/L of potas-
sium sorbate) or 2 L/t of an aqueous suspension of 
Kofasil LAC (LAB; ADDCON GmbH; composed of ly-
ophilized Lactobacillus plantarum DSM 3676, 50% and 
Lactobacillus plantarum DSM 3677, 50%, achieving a 
total inoculation rate of 100,000 cfu/g of fresh forage), 
respectively. Prompt and delay silages were divided 
into 2 treatments of air ingress during fermentation, 
which were no air ingress (NAI) or air ingress (AIN). 
The material for NAI treatment was ensiled in glass 
jars without holes, whereas AIN forage was packed in 
those with a hole in the jar body and the lid to enable 
air ingress for 24 h by removing the rubber stoppers on 
Table 1. Design of the ensiling experiments 1 to 3
Description  Trial 1  Trial 2  Trial 3
Treatment factor and levels
 Sealing time Prompt1 Prompt Prompt
 Delay2 Delay Delay
 Storage temperature (°C) 203 20 203
  35  
 Aeration   NAI4
 AIN5 6 times3 AIN 3 times
 Silage additive CON6 CON CON
 SBSP7 SBSP SBPS8
 FAPA9 FAPA LAB10
Storage time (d) 101 141 90
Treatments (no.) 6 12 12
Replicates (no.) 3 3 3
1Immediately ensiled.
2Ensiled after being loosely piled at approximately 16–18°C for 16 h in trial 1 and 2, 24 h in trial 3.
3Constant experimental condition.
4NAI = no air ingress.
5AIN = air ingress for 24 h by removing rubber stoppers.
6CON = no additive.
7SBSP = Maize Kofasil liquid (ADDCON GmbH, Bonn, Germany) containing sodium benzoate and sodium 
propionate applied at 4 L/t.
8SBPS = Kofasil stabil (ADDCON GmbH) containing sodium benzoate and potassium sorbate applied at 2 
L/t.
9FAPA = GrasAAT Plus (ADDCON Nordic AS, Porsgrunn, Norway) representing a sodium buffered mixture 
of formic, propionic acid and benzoic acids applied at 4 L/t.
10LAB = Kofasil LAC (ADDCON GmbH) homofermentative inoculant applied at 2 L/t, giving an inoculation 
rate of 100,000 cfu/g.
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d 28, 42, and 83 of fermentation. All jars (n = 36) were 
opened after 90 d of storage.
Analytical Procedures. Silage samples were thor-
oughly mixed after withdrawal from farm and labora-
tory silos, and frozen at −20°C until chemical analysis. 
Silage extracts were prepared by blending 50 g of silage 
with 200 mL of distilled water. After addition of 1 mL 
of toluene and storage at 4°C in the refrigerator over-
night, the extracts were subsequently filtered through a 
folded paper filter and thereafter through a microfilter 
(0.45 μm). Lactic acid was determined by HPLC and 
refraction index detection (Weiss and Kaiser, 1995), 
whereas acetic acid, ethanol, 1,2-propanediol, and n-
propanol were detected by GC using a free fatty acid 
phase (Macherey-Nagel, Düren, Germany) column and 
flame ionization detector (FID; Weiss, 2001). The limit 
of detection for each parameter was 0.01% of fresh 
matter. In experiments 1 and 2, ethyl esters of lactate 
and acetate were analyzed according to Adam et al. 
(1995). After water steam distillation of the samples, 
individual components were measured by GC and the 
FID detector coupled with a capillary and packed glass 
column. The limit of detection was 0.3 mg/L for ethyl 
acetate and 0.2 mg/L for ethyl lactate. Ethyl esters of 
lactic and acetic acids were determined by GC with 
FID using an Optima Wax column (Macherey-Nagel) 
in experiment 3. Extracts were supplemented with 
the internal standard 2-methyl pentanol. The detailed 
description of the method including its precision pa-
rameters was published by Weiss and Sommer (2012). 
The detection limit of esters was determined to be 3 
mg/L or 0.001% of fresh matter. Aerobic stability of 
the silages was measured over 7 or 10 d by using the 
temperature method according to Honig (1990). Silage 
was placed in an insulated box with data loggers in-
serted into the geometric center and stored at 20°C. 
Silages were considered aerobically unstable once the 
silage temperature had reached 3°C above ambient. The 
count of lactate-assimilating yeasts was determined 
by spread-plating serial dilutions of silage extracts 
on yeasts-nitrogen-base agar with lactate as the sole 
carbon source and aerobic incubation at 25°C for 3 d 
(Jonsson and Pahlow, 1984). The limit of detection of 
this method was 102 cfu/g of fresh matter. Silage DM 
was corrected for the loss of volatiles during drying as 
described by Weissbach and Strubelt (2008). All values 
are given on a DM basis are expressed as grams per 
kilogram of corrected DM.
Statistical Analyses
The counts of lactate-assimilating yeasts values were 
log-transformed before analysis and presented as log 
values. Yeast numbers below the limit of detection of 
102 cfu/g of fresh matter were set at the detection limit 
of log 2.0. Statistical analyses were performed with SAS 
Version 9.3 (SAS Institute Inc., Cary, NC). For treat-
ment comparisons, the ANOVA was used assuming a 
fixed effect model (Littell et al., 2006) for a completely 
randomized design. Initially, residuals were tested for 
normal distribution by Shapiro-Wilk-Test (Proc UNI-
VARIATE). Data on the count of lactate-assimilating 
yeasts and aerobic stability data, for which normal dis-
tribution could not be assumed, was transformed into 
ranks and analyzed with an ANOVA-type statistical 
model for the global F test and pairwise comparisons 
among the rank means (Proc MIXED). For all other 
variables and for log-transformed n-propanol values 
normal distribution could be assumed. For consider-
ation of possible variance heterogeneity, different ap-
proaches were evaluated. Approach I assumed variance 
homogeneity (using one residual variance), whereas 
approach II assumed variance heterogeneity (using 
separate residual variances per level of only one fac-
tor or per factor level combination of 2 or 3 factors). 
The model ﬁt of the different approaches was evaluated 
by the Akaike information criterion and the likelihood 
ratio test, respectively. The ANOVA was performed by 
Proc MIXED using the restricted maximum-likelihood 
algorithm (Schabenberger and Pierce, 2002). When 
significant treatment effects were detected by the 
global F test, pairwise comparisons were performed 
by Tukey’s test taking into account the interactions 
between the treatment factors. In all trials, the cell 
means (LSMEANS of all factor level combinations) 
were compared and marginal means only in case of no 
corresponding interaction. For trial 3, marginal means 
were not compared due to factor interactions in almost 
all situations. In addition, the t-test was used for a 
special contrast between additive treatments in ex-
periment 3. The procedures CORR and REG were em-
ployed to evaluate the relationships between individual 
silage fermentation characteristics by simple, multiple 
and partial coefficient of determination using multiple 
regression analysis.
RESULTS
Farm Survey
The fermentation characteristics of the farm silages 
are summarized in Table 2. Regardless of additive use 
and additive type, lactic acid was detected at typical 
levels for corn silage. Acetic acid content was lowest in 
one silage inoculated with homofermentative LAB, and 
the only sample that had been treated with heterofer-
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mentative LAB contained the highest amount. Whereas 
ethanol was found in all samples at concentrations of 
up to 24.2 g/kg of DM, n-propanol was rarely detected 
and only at much lower contents. All corn silages con-
tained 1,2-propanediol at largely varying contents of 
up to 12.6 g/kg of DM. Ethyl esters of lactic and acetic 
acids were detected in all samples, but the mean ethyl 
lactate level was higher than that of ethyl acetate (474 
vs. 38 mg/kg of DM). Untreated silages and those that 
received only homofermentative LAB had the highest 
ethyl lactate concentrations ranging from 378 to 1,305 
mg/kg of DM.
Experiment 1
Silage pH ranged between 3.67 and 3.80 at typical 
levels for corn silages (data not presented). Lactic acid 
concentration of untreated prompt silages was greater 
than in untreated delay silages (Table 3). This difference 
was less pronounced when silages were treated with the 
additive SBSP. On the contrary, the additive FAPA 
increased lactic acid content in delay silages compared 
with prompt silages. Delayed sealing tended to increase 
acetate concentrations (P = 0.074). Untreated silages 
contained the highest concentrations of acetic acid, fol-
lowed by the SBSP and FAPA treatments (P < 0.001). 
We noted a trend toward lower ethanol formation by 
delayed sealing (P = 0.081). The addition of FAPA 
resulted in the highest concentration of ethanol regard-
less of sealing time. Untreated prompt silages contained 
more n-propanol than was detected in untreated delay 
silages. The use of all additives led to lower n-propanol 
formation in prompt silages. In delay silages this effect 
was only noticed for additive FAPA. Prompt and delay 
silages treated with FAPA had greater concentrations 
of ethyl acetate and ethyl lactate when compared with 
untreated or SBSP treated silages. The use of additive 
SBSP stimulated ester formation in delay silages when 
compared with untreated silage. Regardless of treat-
ment, the yeast count after 101 d of fermentation was 
below the detection limit of 102 cfu/g, and all silages 
were stable over the entire period of 7 d of exposure to 
air (data not shown).
Experiment 2
The pH of the silages varied within the normal range 
for corn silage between 3.81 and 4.07 (data not shown). 
The trial conditions affected the contents of lactic and 
acetic acids strongly, and interactions between temper-
ature, additive, and sealing time existed. As shown in 
Table 4, lactate concentrations were lower in untreated 
delay silages than in untreated prompt silages, and 
lower in untreated hot than in untreated cool silages. 
The effect of additives regarding higher contents of 
lactic acid was only observed in hot silages. Delay, hot 
CON silages contained the lowest lactate concentra-
tion. Prompt, hot FAPA silages showed a content of 
lactic acid similar to that of prompt, cool CON, but 
also the lowest content of acetic acid. Only in prompt 
Table 2. Concentrations of organic acids, alcohols, and ethyl esters in farm corn silages from the State of Brandenburg in 2009 (g/kg of DM 
unless stated otherwise)
Farm  Additive1 Lactate Acetate Ethanol
n-Propanol  
(mg/kg of DM) 1,2-PD2
EA3  
(mg/kg of DM)
EL4  
(mg/kg of DM)
1 No 74.2 24.5 7.7 1,144 7.4 27 378
2 LABho+he 37.2 20.0 5.9
 ND5 11.4 64 144
3 No 86.9 15.5 4.6 ND 9.6 30 414
4 LABho 81.8 15.0 18.2 ND 1.3 32 505
5 No 73.4 15.3 14.9 ND 5.3 53 561
6 LABho 74.1 15.3 10.0 ND 5.5 42 570
7 LABho 63.6 10.4 11.4 ND 0.6 37 1305
8 No 52.8 17.3 24.2 ND 1.3 62 839
9 LABho+he 60.3 18.4 8.5 ND 5.3 40 373
10 LABho+he 42.8 16.1 1.1 ND 12.6 20 47
11 LABhe 55.5 28.3 9.6 2,189 6.9 12 76
Mean  63.9 17.8 10.5 303 6.1 38 474
Minimum  37.2 10.4 1.1 ND 0.6 12 47
Maximum  86.9 28.3 24.2 2,189 12.6 64 1,305
SD  15.9 4.9 6.5 71 4.0 17 362
1LABho = homofermentative lactic acid bacteria; LABho+he = mixture of homo- and heterofermentative lactic acid bacteria; LABhe = heterofer-
mentative lactic acid bacteria.
21,2-Propanediol.
3Ethyl acetate.
4Ethyl lactate.
5ND = below detection limit of 0.01% of fresh matter.
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untreated silages did the higher storage temperature 
lead to increased acetate levels. No other treatments 
had an effect on this variable. Despite weak interactions 
between sealing time, temperature, and silage additives 
(P = 0.029), FAPA-treated silages had greater amounts 
of ethanol than any other treated silage (14.0 vs. 4.5 
in CON vs. 3.0 g/kg of DM in SBSP; P < 0.001). The 
concentration of n-propanol in untreated silages was 
higher in prompt than in delay silages (1,914 vs. 1,094 
mg/kg of DM; P = 0.009) and consistently lower in 
cool than in hot silages (130 vs. 243 mg/kg of DM; P = 
0.001). Both additives reduced n-propanol, but the ef-
fect was more pronounced with FAPA. Delayed sealing 
stimulated ethyl acetate formation (52 vs. 81 mg/kg 
of DM; P = 0.025) but decreased ethyl lactate content 
(119 vs. 90 mg/kg of DM; P = 0.005) compared with 
prompt silages. Storage at low temperature always re-
sulted in higher ethyl lactate formation, whereas ethyl 
acetate was only increased when the additive FAPA 
had been used (temperature × treatment interaction; 
P = 0.004). The highest levels of both ethyl esters were 
associated with FAPA application in cool silages. As 
shown in Table 5, storage at the lower temperature 
resulted in higher numbers of yeasts (P = 0.008) in 
prompt silages but additive had an influence on this 
variable. Hot silages were more stable upon exposure to 
air than cool silages (6.3–7.0 vs. 2.0–6.7 d; P < 0.001).
Experiment 3
The pH ranged between 3.82 and 4.00 (data not 
shown), and n-propanol was not detected in any of the 
silages. Delayed sealing reduced lactate content com-
pared with prompt sealing for all aeration × additive 
combinations to varying extents, as did the use of the 
additive SBPS in prompt sealed silages when compared 
with CON and LAB silages (Table 6). Acetate contents 
determined in CON and LAB silages were significantly 
higher compared with silages treated with the addi-
tive SBPS when silages were sealed with delay (16.1 vs. 
11.0 g/kg of DM; P < 0.05). This effect was stronger 
when silages were also aerated (23.8 vs. 12.9 g/kg of 
DM; P < 0.05). For prompt silages, the acetate content 
varied between 8.5 and 12.7 g/kg of DM and only small 
differences were detected between treatments. Interac-
tions existed between all examined factors. Regardless 
of sealing time and air ingress, the contents of ethanol 
were comparable between CON and LAB with the 
exception of prompt, CON, AIN silages, which had 
the highest content of all treatments. The difference 
between SBPS and the other additive treatments was 
affected by other factors (sealing time × additive inter-
action, P = 0.003; aeration × additive interaction, P < 
0.001). In prompt and delay silages without air ingress, 
treatment with SBPS resulted in the lowest ethanol 
Table 3. Effects of sealing time (S; 0 h, prompt vs. 16-h delay) and additive (A) use on fermentation characteristics and volatile organic 
compounds of corn silage (n = 3) after 101 d of fermentation (g/kg of DM unless stated otherwise)
Sealing time  Additive1 Lactate Acetate Ethanol
n-Propanol2  
(mg/kg of DM)
EA3  
(mg/kg of DM)
EL4  
(mg/kg of DM)
Prompt   13.1A 15.5A    
Delay   16.6A 13.0A    
 CON  19.9B 6.1A    
 SBSP  16.0AB 6.7A    
 FAPA  8.7A 30.0B    
Prompt CON 55.2b 17.4b 6.8a 2,434d 66a 181bc
 SBSP 65.2bc 13.6ab 6.2a 625b 48a 163b
 FAPA 56.7b 8.3a 33.6b 27a 137b 349d
Delay CON 36.5a 22.4b 5.3a 892bc 72a 105a
 SBSP 47.0ab 18.3ab 7.2a 1,067c 113b 212c
 FAPA 67.1c 9.1a 26.4b 33a 176c 373d
SEM  1.2–3.7 0.7–3.1 0.6–2.2 1–110 7 5–12
Effects5 S 0.004 0.074 0.081 0.202 <0.001 0.935
 A <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
 S × A <0.001 0.194 0.197 <0.001 0.003 <0.001
A,BMarginal means for each factor within columns are signiﬁcantly different if they have no letters in common (P < 0.05; Tukey’s test).
a–dCell means within columns are signiﬁcantly different if they have no letters in common (P < 0.05; Tukey’s test).
1CON = untreated; SBSP = Maize Kofasil liquid (ADDCON GmbH, Bonn, Germany) containing sodium benzoate and sodium propionate 
applied at 4 L/t; FAPA = GrasAAT (ADDCON Nordic AS, Porsgrunn, Norway) containing formic, propionic acid and benzoic acids buffered 
with sodium and applied at 4 L/t.
2Analysis based on log-transformed data.
3Ethyl acetate.
4Ethyl lactate.
5P-values of global F-test.
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concentrations (5.7–7.9 vs. 11.8–13.6 g/kg of DM) com-
pared with any other additive treatment. In the AIN 
silages, the effect of this additive was less pronounced. 
However, SBPS consistently reduced ethanol produc-
tion when compared with CON and LAB. Larger ethyl 
acetate concentrations were found in CON and LAB 
silages compared with SBPS silages with the difference 
being more pronounced in delay (NAI: 286 vs. 60, AIN: 
301 vs. 96 mg/kg of DM) than in prompt silages (NAI: 
157 vs. 26, AIN: 131 vs. 68 mg/kg of DM). The level 
of ethyl lactate was reduced by the additive SBPS but 
the magnitude of the effect depended on other factor 
levels. The strongest effects of SBPS were found in 
prompt silages (NAI: 191 vs. 37, AIN: 157 vs. 97 mg/
kg of DM) compared with delay silages (NAI: 146 vs. 
70, AIN: 115 vs. 62 mg/kg of DM). The SBPS consis-
tently reduced the concentrations of both ethyl esters. 
Lower yeast numbers were detected (Table 7) in delay 
than in prompt silages (P = 0.002). Air ingress during 
fermentation in prompt silages resulted in increased 
yeast counts; additive use had no effect on yeast count. 
We found no influence of aeration on aerobic stability. 
The additive SBPS enhanced aerobic stability (10 d) 
in prompt silages in comparison to CON (2.3–4.7 d) 
and LAB (1.8–5.5 d) treatments. Both CON and LAB 
silages ensiled with delay showed the same high aerobic 
stability as those treated with SBPS.
Relationships Between Fermentation  
Characteristics and VOC
The variation in the concentrations of measured 
ethyl esters can be largely attributed to the content of 
the reaction partners, ethanol and lactic or acetic acids 
(Table 8). Multiple coefficients of determination ranged 
from 0.515 to 0.841 (for all models and trials P < 0.001 
for overall F-tests) depending on the experiment. In 
experiments 1 and 2, only ethanol was correlated with 
ethyl acetate formation (regression coefficients are 
2.82 and 9.34 mg of ethyl acetate per 1 g of ethanol 
when acetic acid values are constant; P < 0.01 and P 
< 0.001). On the contrary, in experiment 3 acetic acid 
had a larger apparent effect (14.4 mg of ethyl acetate 
per 1 g of acetic acid when ethanol values are constant; 
P < 0.001) than was observed for ethanol (11.3 mg of 
ethyl acetate per 1 g of ethanol when acetic acid values 
are constant; P < 0.01). The apparent effect of ethanol 
on ethyl lactate was always larger (6.84 to 10.1 mg of 
ethyl lactate per 1 g of ethanol when lactic acid values 
are constant; P < 0.001) than that of lactic acid (1.71 
to 2.70 mg of ethyl lactate per 1 g of lactic acid when 
ethanol values are constant). With regard to total ethyl 
ester levels, it can be stated that only ethanol was im-
portant in experiments 1 and 2 whereas in experiment 3 
the model was improved by including acetic acid.
Table 5. Effects of sealing time (S; 0 h, prompt vs. 16-h delay), storage temperature (T; 20°C, cool vs. 35°C, 
hot), and additive (A) use on the count of lactate-assimilating yeasts and aerobic stability of corn silage after 
141 d of fermentation (n = 3)
Sealing 
time  Temperature  Additive1
Yeast count 
(log cfu/g)
Aerobic  
stability (d)
Prompt Cool CON 5.8b 3.8ab
  SBSP 3.6ab 6.7bc
  FAPA 3.8ab 5.5abc
 Hot CON <2.0a 7.0c
  SBSP <2.0a 7.0c
  FAPA 2.2ab 7.0c
Delay Cool CON <2.0a 6.1abc
  SBSP <2.0a 2.0a
  FAPA <2.0a 3.4b
 Hot CON <2.0a 7.0c
  SBSP <2.0a 6.3abc
  FAPA <2.0a 6.8bc
Effects2  S 0.066 0.060
  T 0.008 <0.001
  A 0.573 0.540
  S × T 0.008 0.659
  S × A 0.573 0.007
  T × A 0.312 0.935
  S × T × A 0.312 0.046
a–cMeans within a column are signiﬁcantly different if they have no letters in common (P < 0.05, non-para-
metric rank test).
1CON = untreated; SBSP = Maize Kofasil liquid (ADDCON GmbH, Bonn, Germany) containing sodium ben-
zoate and sodium propionate applied at 4 L/t; FAPA = GrasAAT (ADDCON Nordic AS, Porsgrunn, Norway) 
containing formic, propionic acid and benzoic acids buffered with sodium and applied at 4 L/t.
2P-values of global rank test (ANOVA type statistics).
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DISCUSSION
Farm Survey
According to Kung and Shaver (2001), the fermenta-
tion pattern of the farm silages was within the typical 
range for lactate, acetate, and ethanol despite the fact 
that they were characterized by atypical smell and were 
believed to have contributed to feed intake depression. 
The variables 1,2-propanediol, n-propanol, and espe-
cially ethyl esters are yet not used in silage evaluation. 
The sole use homofermentative inoculants in corn silage 
under farm and experimental conditions (experiment 
3) appears not to increase lactic acid production due 
to the typically high numbers of epiphytic LAB (>106 
cfu/g) on the crop at ensiling (Schmidt and Kung, 
2010), which makes it very difficult for the added LAB 
to dominate the fermentation process. The large varia-
tion in lactate, acetate, and ethanol concentrations of 
the corn silages observed in our study supported previ-
ous findings from a large number of farms in the United 
States, Denmark, and Italy (Mari et al., 2009; Borreani 
and Tabacco, 2010; Kristensen et al., 2010; Tabacco 
et al., 2011). This may be associated with differences 
in the epiphytic populations of the crops at ensiling, 
climatic and silage management factors, and storage 
temperature. For example, the effect of air by delayed 
sealing and air infiltration during the fermentation 
process showed, although not consistently, an influence 
on the fermentation pattern of corn silage. Also, the 
use of different inoculant types may partially explain 
alterations in fermentation patterns. In our farm sur-
vey, corn silage solely treated with heterofermentative 
LAB containing Lactobacillus buchneri had the highest 
acetic acid concentration, but this inoculant type was 
not tested in our ensiling experiments. Our observation 
that all farm silages contained 1,2-propanediol, which 
was not measured in the ensiling experiments, is likely 
attributable to the presence of epiphytic Lactobacillus 
buchneri on the crop at harvest and its activity during 
the fermentation process. This species, whose presence 
varies with location (Schmidt and Kung, 2010), is the 
only known 1,2-propanediol producer in silage convert-
ing lactate into acetate and this compound (Oude-
Table 6. Effects of sealing time (S; 0 h, prompt vs. 24-h delay), aeration [AE; no air ingress (NAI) vs. air ingress (AIN)] and additive (A) use on 
fermentation characteristics and volatile organic compounds of corn silage after 90 d of fermentation (n = 3; g/kg of DM unless stated otherwise)
Sealing  
time  Aeration  Additive1 Lactate Acetate Ethanol
EA2  
(mg/kg of DM)
EL3  
(mg/kg of DM)
Prompt NAI CON 55.9bc 12.1abc 13.6c 185cd 188de
  LAB 59.3c 10.6abc 12.8c 129abc 194e
  SBPS 51.1ab 10.9abc 5.7a 26a 37a
  CON, LAB 57.6* 11.4 13.2* 157* 191*
 AIN CON 59.1c 12.7bc 19.1d 182bcd 190de
  LAB 56.4bc 8.5a 12.4c 81abc 123bcd
  SBPS 51.0ab 9.4ab 11.4bc 68ab 97abc
  CON, LAB 57.8* 10.6 15.8* 131* 157*
Delay NAI CON 44.8a 17.9d 12.3c 261de 132bcde
  LAB 49.8ab 14.4cd 11.8c 311e 159cde
  SBPS 46.3a 11.0abc 7.9ab 60a 70ab
  CON, LAB 47.3 16.1* 12.1* 286* 146*
 AIN CON 46.3a 22.5e 13.0c 311e 115bc
  LAB 44.0a 25.0e 11.6bc 291de 115bc
  SBPS4 42.8a 12.9abc 9.8bc 96abc 62ab
  CON, LAB 45.1 23.8* 12.2* 301* 115*
SEM   1.5–1.9 0.8–0.9 0.7–0.9 23–28 14–17
Effects5  S <0.001 <0.001 0.002 <0.001 0.001
  AE 0.173 <0.001 <0.001 0.494 0.118
  A 0.001 <0.001 <0.001 <0.001 <0.001
  S × AE 0.149 <0.001 0.002 0.347 0.217
  S × A 0.049 <0.001 0.003 <0.001 0.009
  AE × A 0.017 0.005 <0.001 0.086 0.001
  S × AE × A 0.926 <0.001 0.059 0.672 0.082
a–eMeans within a column are signiﬁcantly different if they have no letters in common (P < 0.05; Tukey’s test); 
1CON = untreated; LAB = Kofasil LAC (ADDCON GmbH, Bonn, Germany) homofermentative inoculant applied at an inoculation rate of 
100,000 cfu/g; SBPS = Kofasil Stabil (ADDCON GmbH) containing sodium benzoate and potassium sorbate applied at 2 L/t.
2Ethyl acetate.
3Ethyl lactate.
4n = 2.
5P-values of global F-test. 
*Significant contrast for (CON + LAB)/2 vs. SBPS (P < 0.05, t-test).
8062 WEISS ET AL.
Journal of Dairy Science Vol. 99 No. 10, 2016
Elferink et al., 2001). In our study, n-propanol was 
detected less frequently and at lower concentrations 
compared with previous investigations, which reported 
up to 19.1 g/kg of DM (Kalaþ and Pivniþkova, 1987; 
Weiss et al., 2009a, 2015; Kristensen et al., 2010). The 
highest concentration of n-propanol was detected in a 
corn silage that had solely received heterofermentative 
LAB, but also one untreated silage contained this sub-
stance, which support findings by Hafner et al. (2014). 
Although n-propanol represents a typical minor end-
product of anaerobic metabolism by yeasts (McDonald 
et al., 1991), it can also be formed by Lactobacillus 
diolivorans in conjunction with propionic acid via con-
version of 1,2-propanediol (Krooneman et al., 2002). 
This, again, highlights the importance of the presence, 
prevalence, and abundance of certain microbial com-
munities in silages on the production of certain fermen-
tation products.
The concentration of ethyl lactate in the farm silages 
was higher than that of ethyl acetate, thereby confirm-
ing previous results (Weiss et al., 2009a). Apparently, 
untreated silages and those that had received homo-
fermentative inoculants contained similar quantities of 
ethyl lactate, as also shown in our ensiling experiment 
3, but they had more than any other treated silages 
in the farm survey. Concentrations of ethyl acetate in 
our farm survey were very similar to results by Weiss 
et al. (2015), but about 10 times lower than the values 
reported by Raun and Kristensen (2010). Moreover, 
sampling site in farm silos may also play a role with 
regard to the concentrations of fermentation end-prod-
ucts (Borreani and Tabacco, 2010; Weiss et al., 2015) 
and the esters produced from them (Weiss et al., 2015), 
which confirms empirical observations on farms (Weiss 
et al., 2009a). The differences between sampling sites 
may be explained by usually lower pH in the lower, 
more compacted (Muck and Pitt, 1994), and less air-
affected zones in farm silos as esterification processes 
were stimulated by low pH (Hangx et al., 2001; Weiss 
and Auerbach, 2013).
Effects of Oxygen on Fermentation Pattern,  
Yeast Count, and Aerobic Stability
The effect of oxygen by delayed sealing was tested in 
all 3 trials and showed large variation depending on the 
tested factors. When only silages that did not receive 
additive treatment were considered, consistently lower 
lactate contents by delayed sealing in our studies con-
firmed previous results in different silage types (Ruxton 
et al., 1975; Bolsen et al., 1993; Kim and Adesogan, 
2006).
Table 7. Effects of sealing time (S; 0 h, prompt vs. 24-h delay), aeration [AE; no air ingress (NAI) vs. air 
ingress (AIN)] and additive (A) use count of lactate-assimilating yeasts and aerobic stability of corn silage after 
90 d of fermentation (n = 3)
Sealing 
time  Aeration  Additive1
Yeast count 
(log cfu/g)
Aerobic stability 
(d)
Prompt NAI CON 3.4b 4.7bc
  LAB 2.9abc 5.5c
  SBPS <2.0a 10.0d
 AIN CON 5.9cd 2.3ab
  LAB 6.5c 1.8a
  SBPS 4.3bd 10.0d
Delay NAI CON <2.0a 10.0d
  LAB <2.0a 10.0d
  SBPS <2.0a 7.8bcd
 AIN CON <2.0a 10.0d
  LAB 3.5abc 10.0d
  SBPS <2.0a 10.0d
Effects2  S 0.002 0.005
  AE 0.005 0.294
  A 0.147 0.028
  S × AE 0.012 0.065
  S × A 0.133 0.013
  AE × A 0.150 0.144
  S × AE × A 0.493 0.684
a–dMeans within a column are signiﬁcantly different if they have no letters in common (P < 0.05; nonparametric 
rank test).
1CON = untreated; LAB = Kofasil LAC (ADDCON GmbH, Bonn, Germany) homofermentative inoculant 
applied at an inoculation rate of 100,000 cfu/g; SBPS = Kofasil Stabil (ADDCON GmbH) containing sodium 
benzoate and potassium sorbate applied at 2 L/t.
2P-values of global rank test (ANOVA type statistics).
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This may be attributed to prolonged respiration pro-
cesses by plant enzymes or several epiphytic aerobic 
microorganisms competing with lactic acid bacteria 
for fermentable carbohydrates (McDonald et al., 1991; 
Pahlow et al., 2003). A stimulation of acetic acid for-
mation by delayed sealing (Mills and Kung, 2002) was 
only observed in experiment 3, whereas in experiments 
1 and 2, in which the same crop was used for silage 
preparation, this effect was not found. The inconsis-
tency of effects of delayed sealing on acetate production 
may be associated with differences in the composition 
of the epiphytic microbial populations. Although het-
erofermentative lactic acid bacteria normally represent 
a significant portion of the total lactic acid bacteria 
community on fresh corn at harvest (Lin et al., 1992), 
they may not always be competitive to dominate the 
fermentation process. Moreover, air-associated altera-
tions of sugar metabolism of certain lactic acid bacteria 
(Condon, 1987) or the activity of other major faculta-
tively anaerobic acetate producers, such as enterobacte-
ria, which normally die-off soon after anaerobiosis and 
low pH, have been attained (Pahlow et al., 2003) and 
may have contributed to different results.
Whereas delayed sealing had no effect on ethanol 
production in our experiments, it consistently reduced 
the concentrations of n-propanol in untreated silages 
when found in experiments 1 and 2. This finding can-
not be discussed in relation with other published data 
as, to the best of our knowledge, this is the first time 
that this factor was tested in this regard. According 
to McDonald et al. (1991), Krooneman et al. (2002) 
and Amin et al. (2013), n-propanol can be produced 
by different microbial populations, including yeasts 
and certain lactic acid bacteria. Thus, delayed sealing 
may have affected, directly or indirectly, the metabolic 
activity of potential n-propanol producers. In our ex-
periments, sealing time had variable effects on count 
of yeasts and aerobic stability. The enhanced aerobic 
stability by delayed sealing in experiment 3 supports 
data by Mills and Kung (2002) and can be explained 
by lower yeast counts and higher contents of acetic acid 
(Tabacco et al., 2011; Auerbach and Nadeau, 2013). 
Strong correlations have been observed between the 
concentrations of antimycotic acetate and the count 
of yeasts (Kleinschmit and Kung, 2006) and aerobic 
stability (Auerbach and Nadeau, 2013, Auerbach et 
al., 2013). The cause for the occasionally observed im-
paired aerobic stability despite lower yeast counts may 
have been the activity of acetic acid bacteria, which can 
also initiate aerobic spoilage of corn silage by oxidiz-
ing ethanol to acetic acid (Spoelstra et al., 1988; Muck 
and Pitt, 1994), but this microbial population was not 
analyzed in our studies.
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The effect of oxygen by repeated air ingress in com-
parison with no air ingress during the fermentation pro-
cess was only tested in experiment 3, as in experiment 
2 all jars were aerated at regular intervals. Our results 
showed no effect of air ingress on lactic acid produc-
tion, whereas McEniry et al. (2007) reported a depres-
sion. Air infiltration did not alter ethanol and acetic 
acid contents in the trials of McEniry et al. (2007), 
but we observed a stimulation of acetate formation in 
untreated silage sealed with delay and an increased 
ethanol production in promptly sealed silages.
Aeration did not affect aerobic stability in our studies, 
but McEniry et al. (2007) found slightly lower stability 
and a faster rise in temperature. The apparent discrep-
ancies in fermentation pattern and aerobic stability can 
be attributed to differences in the aeration pattern. In 
our study, air was allowed to penetrate for the first time 
after 28 d of anaerobic storage and thereafter several 
times during fermentation for only 24 h, whereas silages 
produced by McEniry et al. (2007) were continuously 
subjected to air ingress over the entire storage period of 
100 d. Unfortunately, additional studies on the effects 
of air infiltration on the fermentation process and aero-
bic stability are not available. Finally, large variations 
in the time elapsed to reach anaerobiosis and interac-
tions between various factors, which were generally not 
tested, on the fermentation pattern, yeast count, and 
aerobic stability may be responsible for the observed 
differences between studies reflecting the complexity 
of the silage fermentation process and the inhabitant 
microbial ecosystem.
Effects of Temperature on Fermentation Pattern, 
Yeast Count, and Aerobic Stability
Storage temperature, which was tested in experiment 
2 only, affected fermentation characteristics significant-
ly. The results on reduced lactate production in silages 
that had not received additive treatment agreed with 
previous findings by Weinberg et al. (2001) and Kim 
and Adesogan (2006). Acetate and ethanol concentra-
tions were highly variable in our study. The reasons for 
these observations remain unclear, but differences in 
the activities of certain microbial populations forming 
these metabolic end products appear most likely to be 
causal as well as the detected interactions of storage 
temperature with other tested factors. For example, 
optimum temperature for growth of enterobacteria 
representing another important group of acetate pro-
ducers is higher than those for most epiphytic lactic 
acid bacteria (Pahlow et al., 2003). The increased n-
propanol concentrations in hot environments at silo 
opening cannot be conclusively explained by the activ-
ity of yeasts, which are considered the most prominent 
microbial populations forming this substance. If they 
had produced n-propanol, then they likely synthesized 
this compound in the earlier stages of fermentation 
and died-off at later stages because the yeast count 
was below the detection limit at the end of silage stor-
age. It may also be possible that certain bacteria (e.g., 
enterobacteria with a higher temperature optimum) 
contributed to n-propanol formation.
The results on lower yeast count associated with 
higher aerobic stability in promptly sealed silages by 
storage at higher temperatures before exposure to 
air substantiated observations by Kim and Adesogan 
(2006), although the magnitude of the effects was less 
pronounced when compared with our study. Moreover, 
the temperature used in the aerobic stability test may 
be responsible for differences, as Ashbell et al. (2002) 
showed that carbon dioxide production as an indicator 
for aerobic deterioration was more pronounced at 30°C 
than at 10, 20, or 40°C, respectively.
Effects of Silage Additives on Fermentation Pattern, 
Yeast Count, and Aerobic Stability
Sodium benzoate-containing additives, which were 
used in all experiments, had variable but only minor 
effects on lactate and acetate levels of corn silages with 
no practical implications even at application rates of 
up to 2 g/kg of fresh matter of active substance. This 
is in line with numerous studies using sodium benzoate 
or potassium sorbate alone (Bernardes et al., 2014; Da 
Silva et al., 2014; Hafner et al., 2014, 2015) or combina-
tions thereof (Weiss and Auerbach, 2012b; Auerbach 
and Nadeau, 2013; Nadeau et al., 2015). In those stud-
ies and in our experiment 3, consistently lower ethanol 
concentrations were detected, reflecting the strong 
inhibitory effect of sodium benzoate and potassium sor-
bate on yeasts as the main producers of silage alcohols, 
which is higher than that of propionate (Woolford, 
1975). On the contrary, we observed no effect of the 
benzoate and propionate mixture in experiments 1 and 
2, which is likely explained by the comparatively low 
ethanol content of less than 8 g/kg of DM, of which some 
may have been formed by other microorganisms, such 
as heterofermentative lactic acid bacteria. According to 
Woolford (1975), these microorganisms are less suscep-
tible to sodium benzoate and potassium sorbate than 
fungi. It should be stressed here that the application 
rate of antimycotic substances is crucially important 
to have a pronounced antifungal effect (Auerbach and 
Nadeau, 2013), and that subinhibitory levels may even 
stimulate the activity of certain microbial populations 
resulting in larger ethanol production (Hafner et al., 
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2014). This may also be the reason for the inconsistent 
effects of the antimycotic substances used in our studies 
on yeast counts and aerobic stability.
We found variable effects of the formic acid-based 
additives on lactic acid production confirming previ-
ous results (Weiss and Auerbach, 2012b; H. Auerbach 
and K. Weiss, unpublished data). However, the use of 
this additive type in our studies frequently suppressed 
acetic acid production and increased ethanol formation, 
which supports earlier results (Driehuis and van Wik-
selaar, 1996; Weiss and Auerbach, 2012b); this effect 
may be of general nature in corn silage, but it is usu-
ally not seen in grass silages (Randby, 2000; Weiss and 
Auerbach, 2015). Although lactic acid bacteria are less 
tolerant against formates than yeasts (Henderson et 
al., 1972), this effect must have been more pronounced 
on the heterofermentative populations as lactate levels 
remained largely unaffected, or the presence of formate 
may have altered metabolic pathways.
As the count of yeasts were low and often below the 
limit of detection upon use of the formic acid-based 
additives in our studies, it is postulated that over-pro-
portional growth and ethanol formation had occurred 
during the early stages of fermentation. This hypothesis 
is supported by data by Middelhoven and van Baalen 
(1988), who reported a decline of the yeast popula-
tion with progressing storage length after an increase 
during the initial stages of fermentation. Schmidt and 
Kung (2010) detected much lower yeast counts in corn 
silage after 120 d of fermentation when compared with 
those of the fresh forage from 5 different locations at 
ensiling. According to Weiss et al. (2009b), a very high 
proportion of the maximum ethanol content (77%) was 
produced within the first month of fermentation. This 
would also explain why aerobic stability by formic acid-
based additives is usually higher than that of untreated 
silages after prolonged storage periods (Driehuis and 
van Wikselaar, 1996; Weiss and Auerbach, 2012b; H. 
Auerbach and K. Weiss, unpublished data). The lower 
concentration of n-propanol by the formic acid-based 
additives might have been caused by the inhibition of 
bacteria, which can anaerobically convert 1,2-propane-
diol to n-propanol and other compounds (Krooneman 
et al., 2002; Amin et al., 2013).
As reported previously, there were no unequivocal 
effects of added homofermentative lactic acid bacteria 
on the formation of organic acids and ethanol (Klein-
schmit et al., 2005; Filya and Sucu, 2010; Hafner et al., 
2014). Normally, at the time of ensiling, fresh corn has 
a high number of epiphytic lactic acid bacteria (Lin et 
al., 1992), making it unlikely for added homofermenta-
tive inoculants to outperform them, especially if they 
were applied at typical inoculation rates of 100,000 
cfu/g of forage as in our study. The count of yeasts 
and aerobic stability were not influenced by lactic acid 
bacteria treatment, confirming results by Kleinschmit 
et al. (2005) and Queiroz et al. (2013). On the contrary, 
other studies showed negative effects on aerobic stabil-
ity by inducing a more homolactic fermentation at the 
expense of acetic acid (Weinberg et al., 1998; Filya and 
Sucu, 2010).
Effects of Oxygen, Temperature, and Silage 
Additives on the Formation of Ethyl Ester
To the best of our knowledge, data on the influence 
of air and temperature on ester production in silage has 
not been published, making it impossible to discuss the 
effect of these factors individually. However, numerous 
studies have been performed demonstrating the effects 
of silage additives.
Previously, the effect of additives on ethyl ester for-
mation was shown to depend mainly on their effect on 
ethanol concentrations (Weiss and Auerbach, 2012b, 
2015). Data from our experiments supported observa-
tions from corn and sorghum silages (Auerbach and 
Weiss, 2012; Weiss and Auerbach, 2012b; Hafner et al., 
2014, 2015) that ethanol concentrations were reduced 
by the addition of salts of benzoic, sorbic, and propionic 
acids, respectively; these were accompanied by lower 
ethyl ester levels and the effect was dose-dependent 
(Hafner et al., 2014). The stimulation of ethyl ester 
formation in corn silage by the formic acid-based ad-
ditive substantiates findings by Weiss and Auerbach 
(2012b) and can be explained the increased ethanol 
accumulation.
Our findings on ethyl lactate and ethyl acetate in ex-
periments 1 and 2 and on ethyl lactate in experiment 3 
that ethyl ester formation was more strongly correlated 
with the concentrations of ethanol than with those of 
acetic and lactic acids have been reported previously 
(Weiss et al., 2009a,b; Obitsu et al., 2014), highlighting 
the prominent role of the alcohol in ester formation. 
This is in agreement with Hafner et al. (2014), who 
showed a larger slope for ethanol and methanol than for 
acetic acid in their least square regression analysis on 
ethyl and methyl acetate. Likewise, for propyl acetate, 
stronger correlations were found between n-propanol 
and propyl acetate than between acetic acid and propyl 
acetate (R2 = 0.77 vs. 0.58, Raun and Kristensen, 2010; 
R2 = 0.96 vs. 0.74, Kristensen et al., 2010). However, 
in our experiment 3, acetic acid had a larger influence 
on ester formation than was found for ethanol, thereby 
supporting data by Raun and Kristensen (2010). The 
reasons for this observation remain to be elucidated. It 
may be possible that the concentration of each reac-
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tion partner and its variation may have had an effect 
on the degree of correlation. Finally, the number of 
factors tested may play an important role regarding 
the strength of the relationship between ester-forming 
compounds because of likely interactions and interde-
pendencies between them. In our study, up to 3 fac-
tors were used, whereas Weiss and Auerbach (2012b) 
and Hafner et al. (2014) only tested one factor, silage 
additive, and determined much stronger correlations 
between ethanol and esters (R2 = 0.99 and R2 = 0.96, 
respectively).
Origin of Ethyl Esters, Methodological 
Considerations, and Practical Implications
Esters can be formed by abiotic esterification pro-
cesses, which are stimulated by low pH (Weiss et al., 
2009a; Raun and Kristensen, 2010; Weiss and Auer-
bach, 2013), or directly produced by lactic acid bacteria 
expressing the required enzymes for this reaction (Liu 
and Siezen, 2006). Moreover, certain yeast species, 
which also occur in silages (Pahlow et al., 2003), are ca-
pable of forming esters (Nordström, 1966; Fredlund et 
al., 2004). Thus, it seems very likely that both chemical 
and biochemical processes are involved.
The variability in ester concentrations among studies 
may have been caused by employing different detection 
methods. In our studies, we used aqueous extraction of 
esters coupled with GC, but others used headspace GC 
(Hafner et al., 2014, 2015). Especially for farm silages, 
sample collection may be crucial. For example, Hafner 
et al. (2010) showed that emissions of VOC from loose 
silage piles were higher than those from packed material 
due to differences in porosity, which, in turn, could re-
sult in higher concentrations when samples were taken 
from compacted silages. Weiss et al. (2011) reported no 
change in ester concentrations for 2 d of storage in loose 
piles when compared with the time of silo opening, but 
a decline thereafter. In addition, storage of the silage 
samples between collection and analysis warrants fur-
ther attention. In our studies, silages were kept frozen 
until extraction for ester determination, which restricted 
microbial activity associated with potential changes in 
VOC profile, to the lowest achievable minimum. On the 
contrary, vacuum-packed samples were stored by Ger-
lach et al. (2013) at room temperature and by Hafner 
et al. (2014) at room temperature during the first week 
of storage and thereafter under refrigeration at about 
4°C. Storage of aqueous silage extracts in the freezer 
at −18°C over several weeks is possible without affect-
ing ester stability and can therefore be recommended 
(Weiss and Sommer, 2012). As ester analysis is a time-
consuming, costly procedure and requires specialized 
laboratory equipment, the first modeling attempts have 
been made to predict the levels of ethyl esters based 
on the concentration of routinely measured ethanol. 
Weiss and Auerbach (2012a) proposed a simple linear 
regression model using a total of 524 laboratory corn, 
wheat, sorghum, and grass silages, as well as 14 corn 
silages from dairy farms. Each incremental increase in 
ethanol by 5 g/kg of DM increased total ethyl ester 
concentration by about 100 mg/kg of DM (y = 102.8x, 
R2 = 0.90).
The inclusion of additional 608 data sets from grass, 
a total of 1,146 data sets (Weiss and Auerbach, 2013), 
had no marked effect on the linear equation (y = 114x) 
compared with the previous model, although it reduced 
the correlation coefficient (R2 = 0.76). However, for 
practical applications it is still sufficiently precise to 
be used as a tool for rapid and preliminary evaluation 
of ester content. Further investigations are encouraged 
to broaden the database also by using data from other 
silage types (e.g., sugar cane) with known high content 
of ethanol (Daniel et al., 2013b) and other volatile com-
pounds.
CONCLUSIONS
Delayed sealing, repeated air infiltration during an-
aerobic storage, temperature, and additive use largely 
affected fermentation pattern, yeast count, and aerobic 
stability of corn silage in a nondirectional manner. The 
detected numerous interactions between individual 
factors reflect the complexity of the silage ecosystem. 
Thus, it seems unlikely that it will ever be possible to 
precisely predict the outcome of silage fermentations. 
The production of ethyl esters of lactic acid and, to a 
lesser extent, of acetic acids was correlated with the con-
centration of ethanol highlighting the prominent role of 
the alcohol in the formation of esters in silage. There-
fore, any measure that reduces ethanol accumulation 
will restrict ester formation. Salts of sorbic, benzoic, or 
propionic acids or mixtures thereof applied at sufficient 
quantities appear to be the most promising additives to 
control VOC production in corn silage, whereas formic 
acid-based additives and homofermentative inoculants 
do not have this potential.
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